Abstract
Introduction

31
In recent years, digital surface model acquisition had been dominated by the use of 32 airborne and terrestrial light detection and ranging (LiDAR) (Haala and Rothermel, 2012;  method in which the bundle adjustment is based on features automatically extracted from 62 multiple overlapping images (Westoby et al. 2012 ). SfM requires convergent imagery taken 63 from multiple ranges in order to produce the best possible accuracy (James and Robinson, 64 2014). The method is therefore not well suited to coastal cliff research in that it requires 65 multiple passes in order to photograph each section of cliff from multiple angles and ranges.
66
Given the limited endurance of micro UAVs, the use of more traditional photogrammetry 67 involving a calibrated camera and strip photography maximises the length of cliff that can be 68 surveyed and this is the method that has been adopted for the current research.
69
The structural geology of cliffs often provides primary control over the type of slope 70 failure that may occur. This is because the uniaxial compressive and shear strength of 71 penetrative discontinuities are generally lower than those of the intact rock (Terzaghi, 1962) .
72
Kinematic analysis involves mapping the orientations of penetrative discontinuities within a 
Methods
118
The research methods are subdivided into five sections to represent the relevant stages 119 of the workflow, these were: installation of ground control, UAV survey, photogrammetric 120 processing, kinematic analysis, and change detection. 
Ground Control
122
A total of 23 ground control points (GCPs), 5 at the cliff top and 18 at the cliff toe, were 123 used to georeference our models (Figure 1 ). GCPs were located using a combination of 124 differential global positioning system (dGPS) and total station surveying techniques. dGPS was 125 used to locate 5 cliff top GCPs at accessible locations and to set up total station survey markers 126 on the shore platform. To obtain ground control at the cliff toe, a total station was used in order 127 to overcome the reduction in dGPS accuracy due to the 'shadowing' effect of the cliff, a 128 common issue seen in complex terrain morphologies (Young, 2012) . After processing points were automatically generated and points with a residual greater than 0.5 pixels were 166 removed. A bundle adjustment was then undertaken to account for the removal of these 'bad'
167
RO points and the process was iteratively run until no RO points with residuals greater than 168 0.5 pixels were detected. This refining procedure effectively reduces error within the model.
169
This processing produced an exterior orientation with component 3DSE's of 0.023m in the x-170 axis (Eastings), 0.017m in the y-axis (Northings) and 0.009m in the z-axis (elevation) such that 171 the overall 3DSE in both our models was 0.03m.
172
All overlapping image pairs were used in the generation of DTMs varying from 50% 173 to 88% in overlap. A total of 136 DTMs were generated with 27,793,335 points. These DTMs
174
were then combined to develop a merged DTM using the screened poisson surface the minimum spacing factor (also known as a trimming factor) was set to 8 (by default) which 178 is used to multiply the minimum spacing factor in areas where no data is generated. Therefore volumetric change between the two models was then completed by differencing the two rasters. 
Results and discussion
218
The discontinuity mapping was completed on the first dataset obtained, this model The characteristics of intersections between all discontinuity sets is displayed in Table   254 2. The great circle of JS1 intersects the great circle of FS (61/290º) at an acute angle (79º). In 
270
Kinematic analysis was also undertaken using the entire spread in the data in order to 
306
In addition the sequential models were used to quantify the volume involved in the 307 failure. Figure 8C 
Conclusions
316
Our research has shown that UAV photogrammetry can generate 3D models of a cliff 317 face with a point density and accuracy that is similar to those produced using TLS but with an 318 order of magnitude reduction in equipment costs. These data allow coastal erosion to be 319 constrained far more precisely than traditional methods involving sequential aerial photographs 
